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  Why Quantum Mechanics? 

n Blackbody Radiation 
•  The energy density of radiation measured from a “black” cavity does not agree with 

theoretical expectations. Max Planck proposed that light has energy inversely 
proportional to its wavelength or directly proportional to its frequency (1900). 

•  Summing over all possible                                                            Planck’s constant 
   discrete standing waves in the  
   cavity, he derived a simple equation which describes the  
   energy density of light versus its  
   wavelength for a given temperature. 
•  As the temperature increases his  
   result approaches that of the  
   classical result. 
•  Hence light beams of a given 
   wavelength carry quanta of energy 
   which we call photons. 
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The cone shows possible values of
wave 4-vector of a photon. Green and
indigo represent left and right
polarization

probably derives from gamma rays, which were discovered in 1900 by Paul Villard,[9][10] named by Ernest
Rutherford in 1903, and shown to be a form of electromagnetic radiation in 1914 by Rutherford and Edward
Andrade.[11] In chemistry and optical engineering, photons are usually symbolized by h%, the energy of a
photon, where h is Planck's constant and the Greek letter % (nu) is the photon's frequency. Much less commonly,
the photon can be symbolized by hf, where its frequency is denoted by f.

Physical properties
See also: Special relativity

The photon is massless,[Note 2] has no electric charge,[12] and is stable. A
photon has two possible polarization states. In the momentum
representation, which is preferred in quantum field theory, a photon is
described by its wave vector, which determine its wavelength & and its
direction of propagation. Photon's wave vector may not be zero and can
be represented either as a spacial 3-vector or as a (relativistic) four-
vector; in the latter case it belongs to the light cone (pictured). Different
signs of the four-vector denote different circular polarizations, but in the
3-vector representation one should account for the polarization state
separately; it actually is a spin quantum number. In both cases the space
of possible wave vectors is three-dimensional.

The photon is the gauge boson for electromagnetism,[13] and therefore
all other quantum numbers of the photon (such as lepton number, baryon
number, and flavour quantum numbers) are zero.[14]

Photons are emitted in many natural processes. For example, when a
charge is accelerated it emits synchrotron radiation. During a molecular,
atomic or nuclear transition to a lower energy level, photons of various
energy will be emitted, from radio waves to gamma rays. A photon can
also be emitted when a particle and its corresponding antiparticle are
annihilated (for example, electron–positron annihilation).

In empty space, the photon moves at c (the speed of light) and its energy
and momentum are related by E = pc, where p is the magnitude of the momentum vector p. This derives from
the following relativistic relation, with m = 0:[15]

The energy and momentum of a photon depend only on its frequency (%) or inversely, its wavelength (&):
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  Consequence of Planck’s Quanta of Light 

n Photoelectric Effect 
•  This gave Einstein the idea that if you shine light on 
      materials electrons will be emitted with energy determined 
      by the frequency of the light, not by its intensity (1905). 
•  The intensity of the light (number of photons) determines 
      the number of electrons emitted. 
•  Below a certain threshold of energy no electrons will be 
      emitted which implies that the electrons are quantized in energy also. 

n Energy Quantization for Particles 
•  This leads to quantization of energy in atoms and nuclei. 
•  The quantization of energy in atoms depends on how electrons interact with each 

other. This is well understood. 
•  The quantization of energy in nuclei depends on how quarks interact with each other. 

This is not well understood. 
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   Uncertainty Principle 

n Quantum Measurement 
•  In the process of measuring a particle the observer  
     disturbs the particle. 
•  This uncertainty is expressed as (1928)  

      
     which relates uncertainty in position with uncertainty in  
     momentum.  
•  The effects are very small because Planck’s constant is small. For example 
     an uncertainty of one mile per hour in the speed of your car leads to about  
    10^(-39) inches uncertainty in its position. 
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All moving objects that we see around us e.g. a car, a planet, a ball thrown in the air etc move along definite paths or
trajectories. Hence their position and velocity can be measured accurately at any instant of time. However, such an
accurate measurement is not possible for sub-atomic particles.
As a consequence of dual nature of matter, Werner Heisenberg, a German physicist, in 1927 gave a principle about
the uncertainties in simultaneous measurements of position and momentum of small particles. It is known as
Heisenberg’s uncertainty principle and it states as follows :
It is impossible to measure simultaneously the position and momentum of a small particle with absolute accuracy or
certainty. If an attempt is made to measure any one of these two quantities with higher accuracy, the other becomes
less accurate. The product of the uncertainty in the position ( x) and the uncertainty in the momentum ( p = m. 
where m is the mass of the particle and  is the uncertainty in velocity) is always constant and is equal to or greater
than h/4 , where h is Planck’s constant i.e.,

x . p>=h/4 ...(i)

However, for most of the purposes (e.g. in the numerical problems), the mathematical expression for the Heisenberg’s
uncertaintly principle is simply written as

 ...(ii)

Keeping in view the expression (i), the value of p calculated for a given value of x using the expression (ii) is the
minimum value for p. Similarly, the value of x calculated for a given value of p will be the minimum value for 
x.

Explanation of Heisenberg’s uncertainty principle. The basis for
the above principle may be understood from the following description :

Suppose we attempt to measure both the position and momentum of
an electron. To pin-point the position of the electron, we have to use
light so that the photon of light strikes the electron and the reflected
photon is seen in the microscope (Fig. 4). As a result of the hitting, the
position as well as the velocity of the electron are disturbed.
 

 
But according to principle of optics, the accuracy with which the
position of a particle can be measured depends upon the wavelength of light used. The uncertaintly in position is ± .
The shorter the wavelength, the greater is the accuracy. But shorter wavelength means higher frequency and hence
higher energy. This high energy photon on striking the electron changes its speed as well as direction.

Alternatively, shorter wavelength implies higher momentum (as  = h/p i.e. p = h/ ). Thus photon will have higher
momentum and a larger but indefinite amount of it will be transferred to the electron at the time of collision. This will
result in greater uncertainty in the velocity of the electron. On the other hand, decreasing the momentum means
increasing the wavelength which will lead to greater uncertainty in position.
Significance of Heisenberg’s uncertainty principle. Like de Broglie equation, although Heisenberg’s uncertainty
principle holds good for all objects but it is of significance only for microscopic particles. The reason for this is quite
obvious. The energy of the photon is insufficient to change the position an velocity of bigger bodies when it collides
with them. For example, the light from a torch falling on a running rat in a dark room neither changes the speed of the
rat nor its direction i.e. position. Since in everyday life, we come across big objects only, the position and velocity of
which can be measured accurately, Heisenberg’s uncertainty principle has no significance in everyday life.
Why electron cannot exist in the nucleus? On the basis of Heisenberg’s uncertainty principle, it can be shown why
electrons cannot exist within the atomic nucleus. This is because the diameter of the atomic nucleus is of the order of

10-14 m. Hence if the dlectron were to exist within the nucleus, the maximum uncertainty in its position would have
been

10-14 m. Taking the mass of electron as 9.1 ! 10-31 kg, the minimum uncertainty in velocity can be calculated by
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Interlude: quantum mechanics (QM) is very “real” 

n Visual proof 
•  Superfluid liquid Helium-4  

—  Kapitsa, Allen, & Misener 1937 
•  Cooled below the “lambda point”, Tλ=2.172 K 
•  The fluid flows up (against gravity) the inner 

wall of the vessel and down the outer wall 
•  Why? èSuperfluid component has zero 

viscosity 
•  Capillarity drives flow; no resistance 

•  Lower image shows “inverse” process 

n Superfluid is a consequence of a quantum 
description of nature 
•  It’s quite “real.” 
•  And macroscopic! 

http://alfredleitner.com/superfluid.html 
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n Precision in position (x) & momentum (p=mv) is correlated 
•  x & p are examples of conjugate variables; all conjugate variables have this prop. 
•  Call       &        precisions; HUP says they’re correlated: 

•      is Planck’s constant – a nearly infinitesimal number (6.626 × 10-34 J s) 
•  Example: suppose we know an electron’s position to 1 Fermi = 10-15 m 

•  An uncertainty of 390 m/s in the velocity is the best we can do. 
•  And this is non-classical: 

—  Classically, measurements of one variable can always be done without affecting 
any other 

p = mv

) �p = m�v

HUP ) �v � ~
m�x

⇡ 390m
s

Back to the Heisenberg uncertainty principle (HUP) 
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Classical double-slit experiment 

n Waves of light or water or sound or … 

•  Kirchoff diffraction pattern 

Slide 7 
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Another “real,” nearly classical example 

Slide 8 

n Wave-particle duality of C60 molecules 
•  Zeilinger et.al., Nature 401 (1999) 
•  Classic double-slit type experiment except it uses  

fullerenes (“buckyballs”) rather than light 
•  Fullerenes are “nearly classical”:  

 C60 size ~ 400 x (de Broglie wavelength) 
•  de Broglie wave interference pattern is seen 
•  Compared to standard Kirchoff diffraction pattern 
•  Is it a “wave” or is it a “particle”? 

© 1999 Macmillan Magazines Ltd

Fig. 2a, can be achieved by allowing for a gaussian variation of the
slit widths over the grating, with a mean open gap width centred at
s0 ¼ 38 nm with a full-width at half-maximum of 18 nm. That best-
fit value for the most probable open gap width s0 is significantly
smaller than the 55 ! 5 nm specified by the manufacturer (T. A.
Savas and H. Smith, personal communication). This trend is
consistent with results obtained in the diffraction of noble gases
and He clusters, where the apparently narrower slit was interpreted
as being due to the influence of the van der Waals interaction with
the SiNx grating during the passage of the molecules15. This effect is
expected to be even more pronounced for C60 molecules owing to
their larger polarizability. The width of the distribution seems also
justified in the light of previous experiments with similar gratings:
both the manufacturing process and adsorbents could account
for this fact (ref. 16, and T. A. Savras and H. Smith, personal
communication). Recently, we also observed interference of C70

molecules.
Observation of quantum interference with fullerenes is interest-

ing for various reasons. First, the agreement between our measured
and calculated interference contrast suggests that not only the
highly symmetric, isotopically pure 12C60 molecules contribute to
the interference pattern but also the less symmetric isotopomeric
variants 12C59

13C and 12C58
13C2 which occur with a total natural

abundance of about 50%. If only the isotopically pure 12C60

molecules contributed to the interference, we would observe a
much larger background.

Second, we emphasize that for calculating the de Broglie wave-
length, l ¼ h=Mv, we have to use the complete mass M of the object.
Thus, each C60 molecule acts as a whole undivided particle during its
centre-of-mass propagation.

Last, the rather high temperature of the C60 molecules implies
broad distributions, both of their kinetic energy and of their internal
energies. Our good quantitative agreement between experiment and
theory indicates that the latter do not influence the observed
coherence. All these observations support the view that each C60

molecule interferes with itself only.

In quantum interference experiments, coherent superposition
only arises if no information whatsoever can be obtained, even in
principle, about which path the interfering particle took. Interac-
tion with the environment could therefore lead to decoherence. We
now analyse why decoherence has not occurred in our experiment
and how modifications of our experiment could allow studies of
decoherence using the rich internal structure of fullerenes.

In an experiment of the kind reported here, ‘which-path’ infor-
mation could be given by the molecules in scattering or emission
processes, resulting in entanglement with the environment and a
loss of interference. Among all possible processes, the following are
the most relevant: decay of vibrational excitations via emission of
infrared radiation, emission or absorption of thermal blackbody
radiation over a continuous spectrum, Rayleigh scattering, and
collisions.

When considering these effects, one should keep in mind that
only those scattering processes which allow us to determine the path
of a C60 molecule will completely destroy in a single event the
interference between paths through neighbouring slits. This
requires l p d; that is, the wavelength l of the incident or emitted
radiation has to be smaller than the distance d between neighbour-
ing slits, which amounts to 100 nm in our experiment. When this
condition is not fulfilled decoherence is however also possible via
multi-photon scattering7,8,17.

At T ! 900 K, as in our experiment, each C60 molecule has on
average a total vibrational energy of Ev ! 7 eV (ref. 18) stored in 174
vibrational modes, four of which may emit infrared radiation at
lvib ! 7–19 "m (ref. 10) each with an Einstein coefficient of
Ak ! 100 s # 1 (ref. 18). During its time of flight from the grating
towards the detector (t ! 6 ms) a C60 molecule may thus emit on
average 2–3 such photons.

In addition, hot C60 has been observed19 to emit continuous
blackbody radiation, in agreement with Planck’s law, with a mea-
sured integrated emissivity of e ! 4:5 ð ! 2:0Þ $ 10 # 5 (ref. 18). For
a typical value of T ! 900 K, the average energy emitted during the
time of flight can then be estimated as only Ebb ! 0:1 eV. This
corresponds to the emission of (for example) a single photon at
l ! 10 "m. Absorption of blackbody radiation has an even smaller
influence as the environment is at a lower temperature than the
molecule. Finally, since the mean free path for neutral C60 exceeds
100 m in our experiment, collisions with background molecules can
be neglected.

As shown above, the wavelengths involved are too large for single
photon decoherence. Also, the scattering rates are far too small to
induce sufficient phase diffusion. This explains the decoupling of
internal and external degrees of freedom, and the persistence of
interference in our present experiment.

A variety of unusual decoherence experiments would be possible
in a future extension of the experiment, using a large-area inter-
ferometer. A three-grating Mach–Zehnder interferometer6 seems to
be a particularly favourable choice, since for a grating separation of
up to 1 m we will have a molecular beam separation of up to 30 "m,
much larger than the wavelength of a typical thermal photon. In this
case, the environment obtains ‘which-path’ information even
through a single thermal photon, and the interference contrast
should thus be completely destroyed. The parameters that could be
controlled continuously in such an experiment would then be the
internal temperature of the fullerenes, the temperature of the
environment, the intensity and frequency of external laser radiation,
the interferometer size, and the background pressure of various
gases.

An improved interferometer could have other applications. For
example, in contrast to previous atom-optical experiments20–22

which were limited to the interaction with only a few lines in the
whole spectrum, interferometry with fullerenes would enable us to
study these naturally occurring and ubiquitous thermal processes
and wavelength-dependent decoherence mechanisms for (we
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Figure 2 Interference pattern produced by C60 molecules. a, Experimental recording
(open circles) and fit using Kirchhoff diffraction theory (continuous line). The expected
zeroth and first-order maxima can be clearly seen. Details of the theory are discussed in
the text. b, The molecular beam profile without the grating in the path of the molecules.
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Wave–particle duality
of C60 molecules
Markus Arndt, Olaf Nairz, Julian Vos-Andreae, Claudia Keller,
Gerbrand van der Zouw & Anton Zeilinger

Institut für Experimentalphysik, Universität Wien, Boltzmanngasse 5,
A-1090 Wien, Austria
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Quantum superposition lies at the heart of quantum mechanics
and gives rise to many of its paradoxes. Superposition of de
Broglie matter waves1 has been observed for massive particles
such as electrons2, atoms and dimers3, small van der Waals
clusters4, and neutrons5. But matter wave interferometry with
larger objects has remained experimentally challenging, despite
the development of powerful atom interferometric techniques for
experiments in fundamental quantum mechanics, metrology and
lithography6. Here we report the observation of de Broglie wave
interference of C60 molecules by diffraction at a material absorp-
tion grating. This molecule is the most massive and complex
object in which wave behaviour has been observed. Of particular
interest is the fact that C60 is almost a classical body, because of its
many excited internal degrees of freedom and their possible
couplings to the environment. Such couplings are essential for
the appearance of decoherence7,8, suggesting that interference
experiments with large molecules should facilitate detailed
studies of this process.

When considering de Broglie wave phenomena of larger and
more complex objects than atoms, fullerenes come to mind as
suitable candidates. After their discovery9 and the subsequent
invention of efficient mass-production methods10, they became
easily available. In our experiment (see Fig. 1) we use commercial,
99.5% pure, C60 fullerenes (Dynamic Enterprises Ltd, Twyford, UK)
which were sublimated in an oven at temperatures between 900 and
1,000 K. The emerging molecular beam passed through two
collimation slits, each about 10 !m wide, separated by a distance
of 1.04 m. Then it traversed a free-standing nanofabricated SiNx

grating11 consisting of nominally 50-nm-wide slits with a 100-nm
period.

At a further distance of 1.25 m behind the diffraction grating, the
interference pattern was observed using a spatially resolving detec-
tor. It consisted of a beam from a visible argon-ion laser (24 W all
lines), focused to a gaussian waist of 8 !m width (this is the size
required for the light intensity to drop to 1/e2 of that in the centre of
the beam). The light beam was directed vertically, parallel both to
the lines of the diffraction grating and to the collimation slits. By
using a suitable mirror assembly, the focus could be scanned with
micrometre resolution across the interference pattern. The
absorbed light then ionized the C60 fullerenes via heating and
subsequent thermal emission of electrons12. The detection region

was found to be smaller than 1 mm in height, consistent with a full
Rayleigh length of 800 !m and the strong power dependence of this
ionization process. A significant advantage of the thermionic
mechanism is that it does not detect any of the residual gases
present in the vacuum chamber. We could thus achieve dark count
rates of less than one per second even under moderately high
vacuum conditions (5 " 10 # 7 mbar). The fullerene ions were
then focused by an optimized ion lens system, and accelerated to
a BeCu conversion electrode at −9 kV where they induced the
emission of electrons which were subsequently amplified by a
Channeltron detector.

Alignment is a crucial part of this experiment. In order to be able
to find the beam in the first place, our collimation apertures are
movable piezo slits that can be opened from 0 to 60 !m (in the case
of the first slit) and from 0 to 200 !m (for the second slit). The
vacuum chamber is rigidly mounted on an optical table together
with the ionizing laser, in order to minimize spatial drifts.

The effect of gravity also had to be considered in our set-up. For
the most probable velocity (220 m s−1), the fullerenes fall by 0.7 mm
while traversing the apparatus. This imposes a constraint on the
maximum tilt that the grating may have with respect to gravity. As a
typical diffraction angle into the first-order maximum is 25 !rad,
one can tolerate a tilt angle of (at most) about one mrad before
molecules start falling from one diffraction order into the trajectory
of a neighbouring order of a different velocity class. The
experimental curves start to become asymmetric as soon as the
grating tilt deviates by more than 500 !rad from its optimum
vertical orientation.

The interference pattern of Fig. 2a clearly exhibits the central
maximum and the first-order diffraction peaks. The minima
between zeroth and first orders are well developed, and are due to
destructive interference of C60 de Broglie waves passing through
neighbouring slits of the grating. For comparison, we show in Fig. 2b
the profile of the undiffracted collimated beam. The velocity
distribution has been measured independently by a time-of-flight
method; it can be well fitted by f ðvÞ ¼ v3expð # ðv # v0Þ2=v2

mÞ, with
v0 ¼ 166 m s # 1 and vm ¼ 92 m s # 1 as expected for a transition
between a maxwellian effusive beam and a supersonic beam13. The
most probable velocity was v ¼ 220 m s # 1, corresponding to a de
Broglie wavelength of 2.5 pm. The full-width at half-maximum was
as broad as 60%, resulting in a longitudinal coherence length of
about 5 pm.

The essential features of the interference pattern can be under-
stood using standard Kirchhoff diffraction theory14 for a grating
with a period of 100 nm, by taking into account both the finite
width of the collimation and the experimentally determined veloc-
ity distribution. The parameters in the fit were the width of the
collimation, the gap width s0 of a single slit opening, the effective
beam width of the detection laser and an overall scaling factor. This
model, assuming all grating slits to be perfect and identical,
reproduces very well the central peak of the interference pattern
shown in Fig. 2a, but does not fit the ‘wings’ of this pattern.

Agreement with the experimental data, including the ‘wings’ in
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Collimation slits

100 nm diffraction
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Ion
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Scanning photo-
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Figure 1 Diagram of the experimental set-up (not to scale). Hot, neutral C60 molecules
leave the oven through a nozzle of 0:33 mm " 1:3 mm " 0:25 mm
(width " height " depth), pass through two collimating slits of 0:01 mm " 5 mm
(width " height) separated by 1.04 m, traverse a SiNx grating (period 100 nm) 0.1 m after
the second slit, and are detected via thermal ionization by a laser 1.25 m behind the
grating. The ions are then accelerated and directed towards a conversion electrode. The
ejected electrons are subsequently counted by a Channeltron electron multiplier. The
laser focus can be reproducibly scanned transversely to the beam with 1-!m resolution.
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Quantum particles interfere with themselves 

n Standard double-slit but with electrons  

n Let electrons pass through slits one at a 
time 

n Take four time-lapsed photographs 

n  Interference pattern builds-up over time! 
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n Classical waves è lots 
of particles 

n Quantum waves è 
single particle 
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On the wave-particle duality and consistency 

Slide 14 

n  The usual story 
•  “Sometime it acts as a particle, sometimes it 

acts as a wave” 
•  The oft-neglected point: these “sometimes” 

never coincide! 
•  Ref: Tipler, Physics for Scientists & 

Engineers 

n  Wavelike 
•  During propagation (ie. going from A to B 

without interacting with anything along the 
way) 

n  Pointlike 
•  During interaction (ie. when the electron 

exchanges energy/momentum) 

n  There are rules! 
•  Full description of processes requires both 

but not at the same time. 



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 
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QM & causality: spin 

n Spin (intrinsic spin) 
•  An electron has intrinsic spin of ½   ; you might imagine it as spinning* 
•  Spin (angular momentum) in QM is weird 

—  If you measure spin in one direction, then you affect the spin value in the other 
two directions 

•  Another weird thing 
—  Measurement of spin, along any direction gives only two values: ±½  

•  And yet, even more weird: 
—  Spin can be in a superposition of +½    and -½ 

•  Wave function  
—  These superpositions have definite spin in some other direction but the spin 

measured in the z-direction is random, weighted by  

Learn more about spin and QM: http://public.lanl.gov/mparis/qmp.pdf!
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~
*but this isn’t quite right 

~

~ ~
| i = ↵|+ ẑi+ �|� ẑi

|↵|2 ) spin in + ẑ direction OR |�|2 ) spin in � ẑ direction
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U N C L A S S I F I E D 

QM & causality: 

n Entanglement 
•  A spin-zero particle decays into two spin-½ particles 
•  If left-side particle (LSP) is measured along a 

chosen direction as +½, then right-side particle 
(RSP) is measured as -½ along this same chosen 
direction (because angular momentum conserved) 

•  In this state of affairs the spins are “entangled”; that 
is, they’re correlated 

•  Since the state of the LSP is, in general, a 
superposition of +½ & -½, it’s spin is unknown until 
measured 

•  Then the state of the RSP is fixed (along the chosen 
direction) seemingly instantaneously ?! 

—  And this is weird. 
—  Or, at least, appears to conflict with special 

relativity (Einstein) 
—  But it doesn’t conflict: there’s no way to transfer 

information using these entangled states 
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Einstein, Podolsky, & Rosen were upset 
by this state of affairs. They were right to 
be upset. But QM has proven itself.  
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U N C L A S S I F I E D 

                 Usefulness of Quantum Mechanics 

n Modern Technology 
•  Solar panels depend on the photoelectric effect to convert sunlight to electrical 

energy. 
•  Quantum physics determine the special properties of semi-conductors and 

superconductors which have spawned the electronics that we depend on daily. 

n   Future 
•  Classical computer use bits, on or off, or zero and one. Quantum computers use 

qubits which are a combination of zero and one. For example a qubit can be linear 
combination of spin up and spin down. Qubits allow parallel computing with one 
processor. 

•  Quantum Cryptography 

n Conclusion 
•  An abstract physics theory understood by only a few people 100 years ago has led 

to a new world of technology. Even so, to this day quantum physics is not fully 
understood. For, example we do not have a complete understanding of quantum 
gravity. 
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